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Abstract

It has been widely argued that the intraparietal sulcus (IPS) is involved in tasks that evoke
representations of numerical magnitude, among other cognitive functions. However, the causal
role of this parietal region in processing symbolic and non-symbolic numerosity has not been
established. The current study used repetitive Transcranial Magnetic Stimulation (rTMS) to the
left and right IPS to investigate the effects of temporary deactivations of these regions on the
capacity to represent symbolic (Arabic numbers) and non-symbolic (arrays of dots) numerosities.
We found that comparisons of both symbolic and non-symbolic numerosities were impaired after
rTMS to the left IPS but enhanced by rTMS to the right IPS. A signature effect of numerical
distance was also found: greater impairment (or lesser facilitation) when comparing numerosities
of similar magnitude. The reverse pattern of impairment and enhancement was found in a control
task that required judging an analogue stimulus property (ellipse orientation) but no numerosity
judgements. No rTMS effects for the numerosity tasks were found when stimulating an area
adjacent but distinct from the IPS, the left and right angular gyrus. These data suggest that left IPS
is critical for processing symbolic and non-symbolic humerosity; this processing may thus depend
on common neural mechanisms, which are distinct from mechanisms supporting the processing of
analogue stimulus properties.
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Introduction

Our ability to manipulate numerical quantities and specifically to compare them is a
fundamental skill, by which we make sense of the external world (Butterworth 1999;
Dehaene 1997). Usually we can quickly and accurately compare, for example, the price of
two items in a shop, the weight of two bags, the height of two people. A central behavioral
signature of numerical quantity processing, although not specific to it, is the distance effect:
comparisons of one number to another number (e.g., 12 < 19) or to a sum (e.g., 12 < 8 + 11)
are faster for more distant numbers (Moyer and Landauer 1967). This effect is usually
explained by a comparison process operating on information retrieved from a continuous
magnitude representation (Dehaene 1992). The closer the two numbers are on the
continuum, the more their magnitude-related activation overlaps and the longer it takes to
discriminate them (but see Verguts and Fias 2004; Zorzi et al. 2005 for alternative views on
to the distance effect). Behavioral studies showed that distance effect occurs when
processing continuous quantities (e.g., the weight of an object, “3.5 kg”, e.g., Johnson 1939)
and numerosities (e.g., the number of things in a set, “three coins in the fountain”),
expressed symbolically (e.g., as Arabic numbers, e.g., Moyer and Landauer 1967) or non-
symbolically (e.g., as a set of dots, e.g., Feigenson et al. 2002; Xu and Spelke 2000; Xu
2000). This has been taken as evidence that a single set of mechanisms serves to represent
both continuous quantities and numerosities expressed symbolically and non-symbolically
(Dehaene et al. 2003; Gelman and Gallistel 2004; Fias et al. 2003).

Studies using functional Magnetic Resonance Imaging (fMRI) often reveal activation of
regions of the parietal lobes, including the intraparietal sulcus (IPS) during comparisons of
symbolic numerosities (Arabic numbers and number words), with evidence of the signature
distance effect (Dehaene et al. 1999, 2003; Pinel et al. 2001; but see Gobel et al. 2004;
Shuman and Kanwisher 2004). More recent imaging studies in humans and cell-recording in
primates indicate that, besides comparison of symbolic stimuli, the parietal regions are also
involved in quantity processing of non-symbolic numerosities in the form of dot displays
(e.g., Castelli et al. 2006; Nieder et al. 2002; Nieder and Miller 2004; Piazza et al. 2004;
Sawamura et al. 2002) as well as in comparisons of continuous quantities such as
luminosity, angles' size, and line length (Faillenot et al. 1998; Fias et al. 2003; Fulbright et
al. 2003; Kadosh et al. 2005; Pinel et al. 2004). The involvement of the parietal regions in
numerical quantity processing has also been confirmed by electrophysiological studies
showing either a unilateral left (Turconi et al. 2004) or right (Dehaene 1996; Pinel et al.
2001) distance effect on posterior parietal regions when processing numerical quantity.
Studies of brain damaged patients provide further evidence of the role of the parietal regions
in numerical quantity processing. These studies indicated that numerical processing is
impaired following lesions to the parietal areas (e.g., Cipolotti et al. 1991; Dehaene and
Cohen 1997; Lemer et al. 2003; Polk et al. 2001; Warrington 1982; Wood et al. 2006),
whereas selectively spared numerical processing results from parietal regions being
selectively spared (e.g., Cappelletti et al. 2001; Crutch and Warrington 2002; Thioux et al.
1998).

It is important to note that neither functional neuroimaging nor electrophysiological studies
can establish a causal relationship between areas of observed brain activation and the
corresponding behavioral task (Walsh and Pascual-Leone 2003). Trying to overcome these
limitations by studying neuropsychological patients is not completely successful either, as
lesion studies have inherent restrictions: brain lesions may lack focality, additional
pathology is often present, and plastic brain changes are likely to shape behavioral deficits
(Kolb and Whishaw 1998; Robertson et al. 2003; Walsh and Pascual-Leone 2003). Other
modes of investigation are necessary to bridge the gap between correlation and causation.
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Transcranial magnetic stimulation could be a valuable technique in this regard,
complementing neuropsychology and neuroimaging in that it allows researchers to study the
effects of modulating cortical function in a non-invasive fashion (Walsh and Pascual-Leone
2003).

The TMS should be used successfully to investigate the contributions of different brain areas
to behavior and cognition (Pascual-Leone et al. 2000; Walsh and Pascual-Leone 2003;
Walsh and Rushworth 1999). In particular, a few studies have recently used TMS to
investigate number processing. These studies explored the involvement of the parietal
regions when comparing two-digit Arabic numbers (Gobel et al. 2001) or single digits
following bilateral parietal stimulation at different times (Rusconi et al. 2005; Sandrini et al.
2004) or simultaneous (Andres et al. 2005), during parity judgments (e.g., do ‘3” and ‘5’
have same or different parity? Rusconi et al. 2005), and number bisection tasks (i.e., the
middle number between ‘758’ and ‘783’, Gbbel et al. 2005). Most of these studies
consistently showed that the left parietal areas are critical for number processing. Indeed a
significant increase in response times followed rTMS, in some cases modulated by the
distance effect (Andres et al. 2005). In addition, other studies showed that the right parietal
regions are involved in tasks requiring bisection judgments (e.g. Gobel et al. 2006; Oliveri et
al. 2004). There is, however, less consistent evidence on which areas within the parietal lobe
are specifically critical for numerical quantity processing, i.e., whether it is the IPS (e.g.
Andres et al. 2005) or the angular gyrus (AG) (Gdbel et al. 2001, 2005; Rusconi et al. 2005).
Most importantly, there is currently no information on whether the areas that are critical for
symbolic quantity processing are also essential for performing tasks based on non-symbolic
numerosities (e.g. in the form of dot arrays). Therefore our study aimed at extending
previous studies using Transcranial repetitive TMS (rTMS) studies as we investigated the
role of bilateral IPS on the processing of symbolic and non-symbolic numerosity. We used a
frameless stereotactic system that can accurately localize a given anatomical area. In
addition, we also used two types of control conditions for task and area respectively.

Current study

In the present study, we used rTMS on the cortical regions that are reliably activated by
quantitative tasks in functional neuroimaging studies, i.e., left and right IPS. We aimed at:
(1) testing whether reversible impairments to these regions have specific and distinctive
effects on processing quantities that are presented symbolically (Experiment 1) versus non-
symbolically (Experiment 2) and that were close versus distant from a fixed reference; (2)
providing finer grained information on the role of the IPS on numerical quantity processing
by contrasting stimulation to the IPS with another distinct but contiguous area in the parietal
region, the angular gyrus.

We addressed these issues by applying low-frequency (1 Hz) repetitive transcranial
stimulation over the parietal regions. Stimulation at 1 Hz has been shown to reduce blood
flow and cortical excitability in the brain regions targeted by rTMS for several minutes after
stimulation (Chen et al. 1997; Paus et al. 1997) and to impair performance on behavioral
tasks depending on the regions stimulated (e.g., Romero et al. 2002; Theoret et al. 2001,
Walsh and Pascual-Leone 2003). We had two main hypotheses: first, we reasoned that if the
IPS regions are specifically critical for numerosity processing, performing number
comparisons after rTMS should be delayed relative to sham stimulation, consistent with
some previous studies; by contrast, if the IPS is engaged in numerosity processing but it is
not critical for it, rTMS should not affect the subjects’ performance. In addition, one finding
that will be particularly indicative of impairment in numerical processing will be a TMS
interference with numerical distance effect (Moyer and Landauer 1967). This would mean
greater impairment following IPS stimulation when comparing stimuli that are closer in
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value (e.g., 62 < 65) relative to stimuli that are further apart (e.g., 42 < 65), in parallel to
evidence from neuroimaging (e.g., Castelli et al. 2006; Dehaene 1996; Pinel et al. 2001,
2004) and from a TMS study using single-digit Arabic numbers (Andres et al. 2005).
Moreover, we directly compared rTMS to the left and right IPS to test if they are equally
critical for numerosity processing. Our second hypothesis explicitly tested whether
numerosity processing is represented by a common mechanism for both symbolic and non-
symbolic stimuli in the IPS, as suggested by imaging studies (Castelli et al. 2006; Dehaene
et al. 2003; Fias et al. 2003).

In addition, we devised a control task (Experiment 3) to exclude the possibility that any
TMS effect occurring on the left or right IPS was due to interference with attentional
resources rather than with numerical processing, since the parietal regions have been shown
to be involved in attention-based tasks (e.g., Culham and Kenwisher 2001; Wojciulik and
Kanwisher 1999). In order to match this control task as closely as possible to the numerosity
tasks, we used a non-numerosity categorical judgment task consisting of judging the
orientation of ellipses. The ellipses were chosen to be either close or far away from a circle,
and in a series of pilot studies we matched this control experiment with Experiments 1 and 2
in terms of difficulty, namely for RTs and accuracy. We reasoned that if TMS effects
occurring on the IPS were due to interference with attention rather than with numerosity
processes, a similar interference should occur when performing Experiment 3; conversely, if
TMS effects occurring on the IPS were due to interference only with numerosity processes,
no interference should result when performing Experiment 3.

Materials and methods

Participants

A total of 36 healthy right-handed volunteers with no history of neurological or psychiatric
illness were recruited for this study after giving written informed consent. There were three
different experiments, each involving a different group of 12 volunteers (Experiment 1: five
males, mean = 19.41 + 1.6. Experiment 2: four males, mean = 24.2 + 5.8. Experiment 3: six
males, mean = 24.8 + 7.3). For Experiments 1 and 2, subjects were studied on two different
days (from 1 to 5 days apart); for Experiment 3, subjects were studied on one day as only
two brain regions were targeted. The study was approved by the institutional review board
and performed in close adherence to TMS safety guidelines (Wasserman 1998).

Experimental design

In Experiments 1 and 2, participants were given real rTMS to four brain sites (the horizontal
segment of the IPS or the AG of each hemisphere) or sham stimulation at a region located
between the IPS and the AG on each side of the scalp. In Experiment 3, participants were
given real or sham TMS to the left or right IPS. For 3-4 min after each stimulation period,
participants viewed centrally-presented Arabic numbers (Experiment 1), displays of dots
(Experiment 2), or ellipses varying in orientation (Experiment 3).

Stimuli and tasks

The experiments were performed using an Optiplex GX 400 Dell computer and the DMDX
software package (Forster and Forster 2003). The viewing distance from the monitor was
about 0.5 m. Stimuli for Experiment 1 were two-digit Arabic numbers (range: 31-99)
centered on the computer screen: participants were asked to judge whether each stimulus
was larger or smaller than ‘65’ (never presented). Arabic numbers were categorized as close
to or far from the reference number 65 (far: 31-50; 80-99; close: 51-79) for the data
analysis. Stimuli for Experiment 2 were a series of arrays of randomly placed dots varying
in size (diameters 2—-4 mm), display area (140 mm x 140 mm to 280 mm x 280 mm). There
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were two types of dot arrays. The first was the reference array consisting of 65 red dots; the
second was the target array consisting of white dots that ranged between 31 and 99.
Participants first saw the reference dot array for 200 ms followed by ten targets arrays. They
were asked to indicate whether the dots in each target array were more or less numerous
than those in the reference array of 65 dots. After the tenth target array was displayed and an
answer was made, participants saw the reference array again. The target dot arrays covered a
broad range of areas on the screen, and these varied independently of the numerosity of the
arrays, while the positions of dots but not the overall array area changed upon each
presentation of the reference array. Both the area covered by the dots on the screen and the
size of the dots were not reliable cues to numerosity. Evidence from previous studies
suggests that numerical information rather than continuous quantities is used to make non-
symbolic numerosity judgments (Barth et al. 2005, 2006). Stimuli for Experiment 3 were a
series of ellipses varying in position, orientation (vertical or horizontal) and elongation
(diameter: 16—-60 mm). Participants were asked to judge whether each ellipse was more
elongated than a circle (never presented) on the vertical or horizontal dimension (Fig. 1).
Pilot testing matched Experiments 2 and 3 as closely as possible for difficulty, namely in
terms of RTs and accuracy.

Subjects were instructed to press the spacebar in order to start the experiment. A crosshair
then appeared at the center of the computer screen for 200 ms, followed by a stimulus for
200 ms in the same position and then by an inter-trial interval of 1,500 ms. The fixation
point reappeared before each number was presented for 200 ms (see Fig. 1). Each block
lasted ~3.5 min. For each experimental session, subjects performed four (in Experiment 3)
or six blocks (in Experiment 1 and 2) of 118 trials each, one for an initial baseline condition
and one after each of the experimental treatments (right rTMS, left rTMS, and sham) for a
total of 472 (in Experiment 3) or 708 stimuli (in Experiment 1 and 2). In each experiment,
the order of displays appearing on the screen was pseudo-randomized within each block.

For each experiment, participants indicated their response by depressing a right or left key
on the computer keyboard. Specifically, they were asked to indicate small stimuli (Arabic
number or number of dots) or the horizontal orientation of ellipses by pressing a left key,
and large stimuli (Arabic numbers or number of dots) or the vertical orientation of ellipses
by pressing a right key. Responses to small and large stimuli and to horizontal and vertical
orientations were each analyzed in terms of whether they were close to or far from the
reference (i.e., 51-64, 66-79, and 31-50, 80-99, respectively). Therefore, as responses to
close and far stimuli included an average of responses made with left and right keys, we did
not examine the factor hand response mapping in our analysis.

TMS methods

In Experiments 1 and 2, six different stimulation sites were targeted with rTMS on two
different days: two active and one sham stimulation on each day. In Experiment 3, three
stimulation sites were targeted: two active and one sham stimulation in one day. To control
for carryover effects, the order of the areas stimulated with rTMS was fully counterbalanced
across subjects, with the restriction that each subject received one real left and one real
right-sided stimulation session per day. TMS was applied to each site for 10 min after which
participants were asked to perform the experimental task. Before subsequent application of
real or sham TMS, participants had a 30 min rest period in order to decrease the possibility
of TMS after-effect to a subsequent testing session (Fig. 1). We chose the wash-out period
of 30 min because of previous data showing that stimulation of the motor cortex for 10 min
results in a modulation of cortical excitability that lasts for less than 10 min in healthy
subjects (Romero et al. 2002) and less than 10 min in stroke patients (Mansur et al. 2005).
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In order to locate the site of stimulation accurately, we used a frameless stereotactic system
(Brainsight software, Rogue Research, Montreal, Canada). This system allows the precise
localization of anatomical areas using the MRI images of the participants. Prior to the
experiment, a high-resolution 7;-weighted MRI scan of the brain of each subject was
obtained in order to locate the four target regions relative to external landmarks on the head
(i.e., bridge and tip of the nose and the tragus of the ears that are visible on both the subject's
MRI scan and on his/her head). The 3D location of these landmarks was registered using an
optical tracking system. The optical-tracking systems use an infrared camera that can detect
reflectors attached to the objects of interest (i.e., the coil and the subject's head, Paus 1999).
Using this system we could monitor the coil position and orientation without restraining the
subject's head during the TMS experiment.

The horizontal segment of the IPS was defined as middle part of the sulcus in the dorsal
parietal lobe that intersects the postcentral sulcus (Ono et al. 1990). This is approximately
the location where numerical quantity comparison has been found by Pinel et al. (2001). The
AG was defined as the gyrus on the lateral surface of the parietal lobe curving around the
posterior end of the superior temporal sulcus (Fig. 2).

For each participant, the anatomical determination was done some days before the TMS
study on the basis of cortical surface plots constructed from the MRIs. rTMS was applied
using a Magstim Rapid Rate stimulator (Magstim Company Ltd., UK) and a focal eight-
shaped coil with wings each measuring 70 mm in diameter. One important matter in our
methodology is the TMS focality since the two sites of stimulation were close to each other.
In other words, if the resolution of TMS were poorer than the distance between these two
sites of stimulation, then the results of our experiment would be biased. However, scalp-
cortex distance for IPS and AG varies from 13.5to 17.1 mm (see Stokes et al. 2005), and the
primary stimulation site area, using a 8-shaped coil, is of a maximum of 56 x 44 mm and 41
x 31 mm (see Pascual-Leone et al. 2002, pp. 13-14). We are confident that the stimulation
area of IPS did not overlap that of AG.

The rTMS was applied at 65% of the maximum output of the stimulator's machine at 1 Hz
frequency for 10 min per session (total of 600 pulses). We used a fixed intensity of rTMS,
i.e., 65% of the maximum output rather than an intensity based on the motor threshold, as
the threshold in motor and non-motor cortical areas might be different (Robertson et al.
2003). The intensity and the recovery times were selected on the basis of previous TMS
studies that have used 1 Hz in cognitive tasks in healthy subjects (e.g., Kosslyn et al. 1999)
or in disrupting parietal regions' functions (e.g., Alexander et al. 2005; Ashbridge et al.
1997). Sham stimulation was produced by a specially designed coil (Magstim Company
Ltd.) that has identical appearance and sound artifact when compared to the real coil. When
explicitly asked, our subjects were unable to reliably discriminate between real and sham
stimulation.

Data analysis

The proportion of errors and the mean reaction times (RT) were calculated for each subject
in each condition. Response times below 200 ms (i.e., anticipatory responses) and above two
standard deviations of the overall mean of each individual (i.e., delayed responses) were
excluded from the data set following a procedure which is common practice in data analysis
and in previous TMS studies (e.g., Martin et al. 2004; Naeser et al. 2005). Furthermore,
using this approach, we decreased the likelihood that our results were driven by outliers as
we used tests that assume normal data distribution. By using the above 2SD criterion, 4.4%
of the data were excluded from the analysis, with no difference across conditions or sites [all
Pbetween < 0.8 and < 0.1]. We evaluated whether our data (i.e., RTs) were normally
distributed using the Shapiro-Wilk test. This test revealed that there was no significant
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deviation from normality in any of the conditions [minimum W (24) 0.952, £=0.30] and we
therefore used statistical tests assuming normal distribution.

A 2 x 2 x 2 x 3analysis of variance (ANOVA) with side (left, right), distance (stimuli far
and close to the reference 65) and area (IPS, AG, and sham) as within-subject factors and
experiment (comparison of Arabic numbers, comparison of dots) as between-subject factor
was conducted on RTs of correct answers. The analysis aimed at: comparing the pattern of
results in Experiment 1 and 2, testing for stimulation effects, and verifying whether these
effects were modulated by numerical distance. In addition, an ANOVA was performed on
RTs of correct answers of Experiment 3 with area (left IPS, right IPS, and sham) and
distance (stimuli far and close to a circle) as factors (note that experiment 3 was not added in
the initial ANOVA as only IPS was stimulated in this experiment). When appropriate, we
performed post-hoc paired comparisons using student #test and correcting the results for
multiple comparisons using Bonferroni correction; the results of these comparisons are
expressed as corrected A~-value if not stated otherwise. For post-hoc comparisons, we
compared real rTMS conditions against sham TMS, rather than real rTMS versus baseline,
in order to control for practice and placebo effects. In addition, another two-way ANOVA
(experiment: dots and ellipses, and distance: closer and far) compared the sham condition of
the ellipses and the dot tasks to test whether they were comparable in difficulty and whether
they showed a comparable distance effect. Finally, we performed an ANOVA and
subsequent post-hoc comparisons to test whether the impairment following rTMS to the left
IPS was greater than in the other three sites (right IPS and AG, and left AG) across
Experiments 1 and 2, and whether the effects of the left IPS stimulation in Experiment 3
differed from that in Experiment 1 and 2, with ‘experiment’ as a between-subject factor.

TMS did not affect the participants' accuracy in any of the tasks [all 2> 0.10, see values
reported in brackets on x-axis in Fig. 3]. This is consistent with other TMS studies showing
that tasks performed at high-level of accuracy are likely to result in RT deficit rather than
increase in error rate following TMS (Alexander et al. 2005; Ashbridge et al. 1997; this). As
performance in the baseline condition may reflect learning effects or the subjects'
adjustments to the experimental environment, we compared performance following TMS
conditions with sham stimulation.

Experiments 1 and 2

A similar pattern of results emerged in Experiments 1 and 2 as there was no significant
three-way interaction between area, side, and experiment [A2, 44) = 3.195, P=0.51].
However, significant stimulation effects across Experiments 1 and 2 were indicated by
significant area-by-side [ A2, 44) = 26.74, P< 0.001] and area-by-side-by-distance [A2, 44)
=1.576, P=0.021] interactions. These stimulation effects were modulated by numerical
distance. Post-hoc comparisons showed that performance was affected reliably by
stimulation to the IPS, relative to sham. Impairment (slowed performance) was shown
following rTMS to the left IPS [423) = 3.728, £ < 0.0001]; this was greater for comparisons
of close numbers [{23) = 6.076, A< 0.001]. Facilitation (speeded performance) emerged
following rTMS to the right IPS [423) = 1.964, A= 0.009]. In contrast, rTMS to the left or
right AG did not reliably influence numerosity comparisons across experiments [left AG:
#23) =0.024, P=0.9812, NS; right AG: #23) = 0.0815, P=0.4322, NS] (Fig. 3a, b). rTMS
to the left IPS resulted in reliably greater impairment than rTMS to each of the other three
stimulation sites across Experiments 1 and 2 [left IPS versus right IPS, £23) = 6.076, P<
0.0001; left IPS versus left AG, #23) = 4.468, £< 0.010; left IPS versus right AG, #23) =
3.304, P<0.05]. The effects of rTMS therefore were common to symbolic and non-
symbolic numerosity processing and were brain-site specific. To examine the facilitation
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effect of rTMS, a two-factor area (right IPS and sham) by distance (stimuli far and close to
the reference 65) ANOVA was carried out. There was a significant main effect of area [A2,
44) = 5.353, P=0.008] and of distance [H1, 22) = 86.102, A< 0.0001], and no significant
interaction [A2, 44) = 0.370, P=0.693, NS].

Experiment 3

Experiment 3 tested whether the impairment caused by rTMS to the IPS in previous
Experiments was specific to numerosity processing. Although accuracy was comparable to
that of the numerosity experiments (no effect of task on the sham conditions, A1, 22) =
0.934, P=0.344, NS), and there was a comparable distance effect across experiments [H1,
22) =50.024, P< 0.001], there was a significant difference in performance between the
different stimulation sites in Experiment 3 [A1, 11) = 11.187, = 0.007] and a significant
area-by-side-by-distance interaction [A1, 11) = 15.908, £ = 0.002]. Specifically,
performance was impaired by right IPS stimulation [{11) = 2.167, P< 0.05], with a
significant difference between close and far stimuli [{11) = 2.796, £=0.017]. This is
opposite to the facilitation effect observed in Experiments 1 and 2. Performance was not
impaired after left IPS stimulation [411) = 1.198, £ = 0.25] (Fig. 3c).

The effect of left IPS stimulation differed reliably in the three experiments [A2,33) =
32.711, P<0.001], with left IPS stimulation producing greater impairment in Experiments 1
and 2 than in Experiment 3 [{11) = 3.984, < 0.0001; #(11) = 6.561, P =0.006,
respectively].

Discussion

In this study, we used rTMS to explore the role of the IPS regions in numerosity processing.
In common with patient studies (e.g., Cipolotti et al. 1991; Dehaene and Cohen 1997; Lemer
et al. 2003; Mennemeier et al. 2005; Polk et al. 2001; Warrington 1982; Woods et al. 2006),
our data provide evidence that impairments to the parietal cortex can cause impairments in
numerosity processing. The present findings extend previous results with patients in two
ways: first they indicate that left rather than the right IPS plays a critical role in numerosity
processing. Second, these results show that the left IPS is equally involved in processing
numerosities expressed symbolically and non-symbolically.

It may be suggested that our results may reflect a response bias; that is participants may
have been aware of the difference between TMS and sham stimulation and this could have
modulated their performance. However, we suggest that a response bias is unlikely to
account for the difference in RTs that we found in the different tasks and areas stimulated.

Left IPS effects

Our evidence of common mechanisms underlying symbolic and non-symbolic number
processing is consistent with, and complements results from neuroimaging investigations
(e.g., Dehaene et al. 2003; Fias et al. 2003) by indicating that these mechanisms are located,
in part, in a region of the left parietal lobe or its neural connections. Moreover, we showed
that the degree of impairment or facilitation induced by rTMS to the left IPS depended on
the numerical distance of the stimuli, i.e., the degree of impairment or facilitation was
modulated by the distance effect. This result is consistently found in studies using dot and
number comparison tasks (e.g., Castelli et al. 2006; Dehaene et al. 2003; Pinel et al. 2001).
Our data suggest that the TMS effects were associated to the area, the task and the stimuli
used: they occurred only after real and not after sham stimulation to the same target areas;
they depended on the numerosity tasks and the stimuli used, and they concerned the IPS
regions and not nearby areas such as the AG.
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Our left IPS effects are consistent with some previous TMS studies showing that this region
is critically involved in comparison of symbolic stimuli (e.g., Andres et al. 2005). However,
other TMS studies have suggested that the AG and not the IPS is critical for numerosity
processing (e.g., Gobel et al. 2001, 2005; Rusconi et al. 2005), whereas the present
investigation showed the opposite result. A closer look at those studies reveals that in some
cases the areas stimulated within the parietal lobe were not unequivocal (e.g., Sandrini et al.
2004), and that other studies stimulated the AG bilaterally (but not any other areas in the
parietal lobe) in order to explore spatial number representation rather than numerosity
judgment (e.g., Gobel et al. 2001, 2005). One study showed that rTMS over the left AG
equally disrupts performance in tasks based on finger manipulation and single-digit number
comparison (Rusconi et al. 2005). The apparent discrepancy with that study and our study
where only large (two-digit) numbers have been used, may be explained by hypothesizing
that separate subsets of parietal neurons code for different number sizes, as other authors
have already suggested (Gobel et al. 2004; Naccache and Dehaene 2001; Nieder and Miller
2004; Stanescu-Cosson et al. 2000). Although the present study did not aim at distinguishing
between small and large numbers, differences in encoding different number sizes by the
parietal neurons may account for different results of this and other TMS studies.

Right IPS effects

Numerosity judgment—We have shown a facilitation effect (i.e., speeded RTS)
following rTMS to the right IPS when performing symbolic and non-symbolic numerical
comparisons (Experiments 1 and 2). This result is novel in the literature of number
processing and TMS. Since the TMS parameters and their application were carefully
controlled throughout the experiments here presented, and since all subjects showed the
same facilitatory effect following rTMS to the right IPS in Experiments 1 and 2, we believe
that this finding, though unexpected, warrants further discussion.

At a speculative level, the facilitation effects on the right IPS following rTMS suggest that
numerosity processing might be regulated by inhibitory input from distant cortical areas and,
particularly, homologous areas of the human cerebral cortex. This mechanism of inter-
hemispheric inhibition is believed to be mediated by callosal fibers and it has been described
before in non-numerical tasks in motor and parietal areas in both neurologically healthy
subjects and in patients with stroke (Fregni et al. 2006; Hilgetag et al. 2001; Kobayashi et al.
2004; Naeser et al. 2005; Mansur et al. 2005; Takeuchi et al. 2005; Theoret et al. 2003). The
present results suggest that such transcallosal inhibition may also be extended to numerical
processing. This interaction may explain why studies using neuroimaging methods often
find bilateral activation of the IPS during numerical tasks (e.g., Pinel et al. 2001, 2004),
which has been taken as evidence that both hemispheres equally represent numerical
quantity. Further confirmation of the equal contribution of the left and the right hemispheres
to number processing comes from studies on split-brain patients (e.g., Cohen and Dehane
1996; Seymour et al. 1994), and by some experimental investigations on unilateral
presentation of numbers (e.g., Ratinchx et al. 2001). However, the evidence that both
hemispheres are equally involved in numerical processing is not consistent. For instance,
although the same numerical distance effect emerged in both hemispheres in split-brain
patients, number comparison was slightly slower and less accurate in the right than the left
hemisphere (Cohen and Dehane 1996), and some experimental investigations indeed showed
hemispheric asymmetries in number comparison (e.g., Boles 1986). Moreover, virtually all
neuropsychological cases of numerical impairments clearly indicate that unilateral damages
to either the left or the right parietal lobe are sufficient to cause numerical impairments
(Dehaene et al. 2003; Mennemeier et al. 2005; Woods et al. 2006).
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How can these discrepancies be accounted for? One explanation is that although both the
left and the right hemispheres have access to numerical representations, there is the
possibility of some degree of differentiation between homologous left and right areas, with a
right-hemispheric dominance for the representation of continuous quantities and the left
dominance for exact quantity (e.g., Dehaene and Cohen 1991). Our data offer some support
to this view as they indicate that the left IPS is relevant for numerosity whereas processing
the continuous features of the stimuli in Experiment 3 suggest that the right IPS is relevant
for continuous quantity processing. We also suggest that the interaction between these
processes is modulated by transcallosal inhibitory mechanisms, in agreement with recent
experimental evidence suggesting inter-hemispheric interaction at the level of magnitude
system (Ratinchx et al. 2001). The relatively discrepancy of our study to other TMS studies
may reside in the choice of the numerical stimuli used (single rather than two-digit numbers
or arrays of dots), or the TMS parameters used (10 Hz 500 ms trains rather than 1 Hz for 10
min). It is worth noting that the data reported by a TMS study that targeted the IPS suggests
a tendency (although not significant) toward a facilitation effect in the right IPS (Andres et
al. 2005).

The facilitation effect following right IPS stimulation in the non-symbolic (i.e., dot)
numerosity task may appear surprising considering that the right hemisphere is known to be
sensitive to visuo-spatial features (e.g., Culham and Kenwisher 2001), and therefore
interference rather than facilitation might have been expected in both the right IPS and AG.
With respect to the right IPS, we suggest that our results may be explained in terms of task
demand: it may be possible that the numerosity comparison task required participants to
focus more on quantity rather than on spatial processing. Indeed, the right IPS has been
shown to be active when processing non-symbolic numerosities irrespective of whether they
are expressed visually or auditory (Dehaene et al. 2003; Eger et al. 2001), suggesting that
the quantity rather than the spatial nature of dot comparison tasks is more sensitive to right
IPS stimulation.

In the same non-symbolic numerosity task, we did not observe any significant interference
following right AG stimulation, similar to neuroimaging studies which did not seem to show
right AG activation in magnitude tasks with dots (e.g., Piazza et al. 2004; Sathian et al.
1999). In this study we observed, however, a tendency to an interference effect in the right
AG when performing the non-symbolic comparison task, which was significantly higher
than in the symbolic task [{11) = 8.728, A= 0.0001]. Unfortunately, “In our Experiment 3
we aimed at testing to what extent the left or the right IPS were involved in numerosity
processing: therefore we targeted the left and the right IPS only and not the AG”. A recent
study, however, showed right AG interference in performing a task involving continuous
quantities in the form of time discrimination (Alexander et al. 2005). This suggests that the
right AG is involved in time discrimination, among other cognitive functions, but does not
indicate that the right AG involvement can be generalized to all continua. Indeed, the
authors showed that processing another continuous variable used as control condition, i.e.,
pitch discrimination, did not result in right TMS interference, therefore suggesting that the
right AG is not uniformly involved in processing all quantity continua.

Non-numerosity judgment

In Experiment 3 we observed some unexpected rTMS effects on the right IPS. rTMS
increased RTs for judging the orientation of ellipses and this effect was modulated by a
distance effect: judging ellipses closer to a circle resulted in significantly longer RTs than
judging ellipses far away from a circle. The fact that rTMS effects occurred only in the right
hemisphere and interacted with distance effect helps to exclude the possibility that these
results are due to interference with attentional resources. Similarly, explanations in terms of
rTMS effects due to the visuo-spatial aspects of the stimuli do not seem exhaustive either, as
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similar effects would have occurred in the numerosity task based on dot displays
(Experiment 2). We believe that the most likely account for rTMS effects in the right IPS in
Experiment 3 may be in terms of the nature of the stimuli and of the task used. Although not
involving numerosity, the categorical judgment required to process ellipses involved some
manipulation of analogue quantity, i.e., the amount of ‘elongation’ of each figure expressed
by the ratio between the vertical and the horizontal axis. Such analogue quantity
manipulation is likely to involve the right parietal lobe, consistent with results from
neuroimaging studies (e.g., Fullbright et al. 2003; Pinel et al. 2004).

In conclusion, our findings suggest that numerosity processing arises from interacting
mechanisms in anatomically restricted parts of the brain. Specifically, the left IPS seems to
be critically involved in processing symbolic and non-symbolic numerosities in the form of
Arabic numbers and arrays of dots, whereas our results of Experiment 3 suggest that the
right IPS seems to play a critical role in processing continuous features of the stimuli.
Reversible impairments to the left and right IPS appears to be modulated by the distance
between the stimuli with greater disruption for smaller distances. These results are TMS-
related and area, task and stimulus-associated: they occurred only after real and not sham
stimulation to the same target areas; they concerned specific brain regions (i.e., IPS) and not
contiguous but distinct areas (i.e., AG), and they depended on whether the quantity task
implied the processing of numerosity or of analogue properties of the stimulus.
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Fig. 1.

The comparison tasks. a The experimental design was the same for all the experiments. b In
each display one of the following stimuli was presented: Arabic numbers close and far from
the reference number 65 (Experiment 1), dots close and far in number from a reference
display containing 65 dots (Experiment 2), or ellipses close or far from a circle with vertical
or horizontal elongation (Experiment 3). The top row of the figure shows an example of
stimuli far from the reference, the bottom row stimuli close to the reference (pictured
stimulus sizes are not to scale). ¢ In addition to baseline (no TMS), each experiment was
performed after real or sham TMS; these conditions were counterbalanced between subjects
and each followed by a 30-minute-rest period
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a Left  Right

Right AG Right IPS

Fig. 2.

Sites and targeting of rTMS and sham stimulation. In Experiments 1 and 2, all sites in (a)
were tested over 2 days; in Experiment 3, the left and right IPS sites and one of the sham
sites were tested in one day. The order of stimulation conditions was fully counterbalanced
across subjects. In (b) is the illustration produced by the stereotactic system (Briansight) of
the application of rTMS in a representative subject. Yellow linesillustrate an example of
where each stimulus was applied during an entire 10 min rTMS train for each of the four
stimulation positions. Green dots correspond to the point on the scalp where each TMS pulse
was delivered. The stimulation coil rested tangentially on the subject's scalp and the handle
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pointing posteriorly parallel to the subject's midsagittal plane as calculated by the frameless
stereotactic
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Fig. 3.

Performance impairments following rTMS. Bars indicate the mean of difference in response
time, and numbers in parentheses indicate the mean of differences in error rates after rTMS
relative to sham stimulation for close versus far comparisons for the experiments with (a)
Arabic numbers, (b) dots, and (c) ellipses. rTMS conditions in which response times
significantly differed from sham stimulation are indicated by asterisks inside the bars (*P <
0.05, **P<0.01)
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